Josephson Effect in Pb/I/NbSe 2 Scanning Tunneling Microscope Junctions 
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We have developed a method for the reproducible fabrication of superconducting scanning tun- 
neling microscope (STM) tips. We use these tips to form superconductor/insulator/superconductor 
tunnel junctions with the STM tip as one of the electrodes. We show that such junctions exhibit fluc- 
tuation dominated Josephson effects, and describe how the Josephson product I c Rjv can be inferred 
from the junctions' tunneling characteristics in this regime. This is first demonstrated for tunneling 
into Pb films, and then applied in studies of single crystals of NbSe2. We find that in NbSe2, I c Riv 
is lower than expected, which could be attributed to the interplay between superconductivity and 
the coexisting charge density wave in this material. 



I. INTRODUCTION 



Scanning tunneling microscopy (STM) has been proven 
to be an invaluable tool in the study of superconduc- 
tors by serving as a probe of the density of states with 
very high energy resolution and sub-nanometer spatial 
resolutio n 1 ! 2 ! 3 ! 4 . STM has also been successfully used to 
create tunnel junctions on materials that do not readily 
form high quality planar junctions (e.g. in MgB 2 ) 5 , or in 
cases where a particular small region of the sample is of 
interest. 

In recent years it has been realized2*£*2i that the use of 
superconducting (SC) STM tips may provide a comple- 
mentary technique to conventional STM studies, since 
in SC STM both quasiparticle and Josephson tunnel- 
ing can be measured locally with a scannable supercon- 
ductor/insulator/superconductor (S/I/S) junction. Here 
we report on experiments we performed using SC STM 
tips. We measure the tunneling characteristics of Pb and 
NbSe2 samples at T~2 K for various values of the junc- 
tions' normal state resistances. For junction resistances 
below 100 kSl we observe fluctuation dominated Joseph- 
son effects, and estimate the Josephson I c Rat product, a 
physically important quantity, for tunneling into NbSe2. 



II. EXPERIMENTAL TECHNIQUE 

Superconducting tips are prepared according to Ref . |8| 
by deposition of Pb(5000 A)/Ag(30 A) proximity bilay- 
ers on conventional Ptlr tips. Fig. Ufa) shows a typi- 
cal dl/dV curve for tunneling at 2.1 K between a SC 
tip and a Pb(5000 A)/Ag(30 A) sample deposited on 
a graphite substrate at the same time as the tips were 
made. Sharp peaks are seen at voltages eV = ±2Apb, 
and the Pb phonon structure is clearly observed, confirm- 
ing the high quality of the junction and that single-step 
tunneling is the dominant conduction mechanism. At 
these thicknesses (30 A) the Ag contributes very little 
to the junction characteristics. The method described 




-14 -7 O 

V (mV) 



6 -0.8 0.0 0.8 1.6 
V (mV) 



FIG. 1: (a) dl/dV curve for high resistance junction between 
a Pb/Ag tip and a Pb/Ag sample at 2.1 K. The Pb phonon 
structure is clearly observed, (b) I — V curves for a similar 
junction for resistances between 24 and 96 kfi, showing a 
fluctuation dominated Josephson effect. Inset: representative 
I — V data (symbols) and fit (line) . 



above for SC tip fabrication is robust and reproducible, 
yielding over 80% working tips, with virtually indistin- 
guishable SC properties. 

The measurement of the Josephson effect in STM junc- 
tions is challenging due to their small size and the asso- 
ciated high junction resistance. The energy scale for the 
phase coupling of a Josephson junction is the Joseph- 
son binding energy, Ej = ARq /2Rn, where Rq = 
h/4e 2 ~ 6.45 kS7, A is the SC gap, and i?jy is the normal 
state resistance of the junction. In junctions for which 
ksT > Ej, phase locking is destroyed by thermal fluctu- 
ations, and no dc supercurrent can be observed. Indeed, 
for Pb junctions with resistances ~100 Mtt, the Joseph- 
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son binding energy is Ej/Ub ~ 0.5 mK, and we see no 
trace of the dc Josephson effect at our base temperature 
of 2.1 K (Fig. [Ha)). 

Several authors have showniSiii that when Ej is 
smaller than, but comparable to ksT , the phase dynam- 
ics in a small Josephson junction is dominated by ther- 
mal fluctuations. In this regime pair tunneling would be 
observed, but the pair current will be dissipative, with 
the voltage drop proportional to the rate of change of 
the relative phase across the junction. Ivanchenko and 
ZiPberman 10 found that the current-voltage (I — V) re- 
lation for small Ej/ksT due to this incoherent pair tun- 
neling has the form: 
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where I c = 2eEj/h, Z env is the effective impedance of 
the junction's environment, and V p — {2e/K)Z env kBT n 
with T n defined as the effective noise temperature. 

Fig. ^b) shows representative I — V curves taken on 
a Pb/Ag film at 2.1 K for various junction resistances 12 
below 120 kfi. A current peak in the I — V character- 
istics emerges from the quasiparticle background as the 
junction resistance is lowered. The I — V curves can be 
fitted with good agreement to Eq. for \V\ <1.0 mV, 
with A = I 2 Z env /2 and V p as the only fitting param- 
eters. The dependence of the quantity J (Ae/fr)A/V p 
on Gn = 1/-R/V should be linear with a slope equal to 
I c Rn I W^bTu. Fig.|3shows such a plot for several Pb/Ag 
samples and a NbSe2 sample. Knowing the noise temper- 
ature T n , one can infer the Josephson product I c Rn- 

Fluctuation dominated dc and ac Josephson effects 
were observed and carefully analyzed in Ref . IT^L confirm- 
ing that the features we observe in the tunneling charac- 
teristics of these STM junctions are indeed signatures of 
pair tunneling. We have showni^ that the noise parame- 
ters T n and Z env depend only on the experimental setup 
and not on the sample studied or the tip used. Once these 
parameters are determined by measuring a sample with 
a known I c Rn (e.g. Pb), this quantity can be inferred 
for any sample measured under the same experimental 
conditions 14 . 



III. RESULTS AND DISCUSSION - NbSe 2 

We apply the method described above to the measure- 
ment of the Josephson product for tunneling between a 
SC STM tip and a 2H-NbSe 2 crystal. 2H-NbSe 2 is a 
layered material that undergoes a charge density wave 
(CDW) transition at 33 K and a superconducting tran- 
sition at 7.2 K. Niobium diselenide has been studied ex- 
tensively in the -p&siii&^^H, but to our knowledge, no 
reliable Josephson tunneling data exist for this system. 
While NbSe2 appears to be a conventional BCS supercon- 
ductor, it shows anisotropy of the SC order parameter—, 
transport and optical properties 1 ^, as well as coexisting 



CDW and SC states. These make NbSe2 an interesting 
system, especially since the high-T c cuprates are believed 
to share some of these properties 4 . 

I — V curves were measured at 2.1 K on a 2H-NbSe2 
single crystal 1 ^ cleaved at room temperature in vacuum 
(5 x 10 -7 torr). For junction resistances larger than 40 
kf2, the scaled tunneling current I(V) x Rjy is indepen- 
dent of R 7v - We use these curves to represent the back- 
ground quasiparticle current, with no Josephson contri- 
bution, which we then subtract from the I — V curves 
measured at lower Rn to find the contribution of pair 
tunneling to the total current. This is done because 
junctions with NbSe 2 as one of the electrodes have con- 
siderable quasiparticle weight below the gap even at this 
temperature of 2.1 K. 

Fig. |21 shows a plot constructed from the fits to 
Eq. n for several Pb/Ag films and the NbSe 2 data 
shown in the inset. From linear fits to the data we 
obtain the slopes 0.75 ± 0.03 mV 1/2 and 0.46 ± 0.03 
mV 1 ' 2 for Pb/Ag and NbSe2 respectively. The ra- 
tio of / c i?Ar(Pb/I/NbSe 2 ) and 7 c i?Ar(Pb/I/Pb) is thus 
0.61 ±0.05. Since J c i?jv(Pb/I/Pb)=1.671 mV is known 2 ! 
from the Ambegaokar-Baratoff (AB) formula—, we get 
J c # w (Pb/I/NbSe 2 )=1.02 ± 0.08 mV. 

The SC gap in NbSe 2 can be described quite well by 
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FIG. 2: Plot of ^{4e/h)A/V p vs. Gn for three Pb/Ag sam- 
ples (Pbl, Pb2, Pb3) and a NbSe2 sample (diamond symbols). 
Solid lines are linear fits to the data. The error in Gn is es- 
timated at 5%. Inset: pair current vs. voltage for the NbSe2 
sample, and junction resistances between 33 and 14.5 kf2. 
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an anisotropic s-wave gap function^, with A(0) ranging 
from 0.7 to 1.4 meV over the Fermi surface (FS). Es- 
timates using the AB formula for Pb/I/NbSe2 junctions 
yield I^ B Rjy ~1.25 mV, significantly higher than the one 
we observe, even when using the smallest gap parameter 
in NbSe2- This suggests that the gap anisotropy alone 
cannot explain our result and we must look for additional 
possible explanations. 

A further reduction in I c Rn may result from the exis- 
tence of a CDW and its effect on the SC state. Gabovich 
et al*& calculated the Josephson product for CDW and 
SDW superconductors and found that it decreases from 
the AB limit by an amount that depends on the ratio be- 
tween the CDW and the SC energy gaps, and the degree 
to which the FS is affected by the formation of a CDW 
gap. In light of our results it appears that explanations 
along these lines should be sought, especially since the 
effects of a CDW may be important in the interpretation 



of Josephson data in high-T c cuprates. 

In summary, we measured the Josephson effect in 
junctions formed between SC STM tips and Pb and 
NbSe2 samples. In NbSe2 we find the Josephson prod- 
uct I c Rn = 1.02 ± 0.08 mV. This result is smaller than 
expected from the AB formula, but may be described 
within the theory of Gabovich et al. for Josephson tun- 
neling in CDW superconductors. These results suggest 
that the interplay between the SC state and the CDW 
may have an important role in Josephson tunneling. 
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